Introduction
This ICES Symposium's focus on tools to support management harkens back to earlier symposia such as the ICES herring meetings. At those meetings, during the 1950s and 1960s, the analysis of otolith growth patterns and shapes proved to be a major source of information for fisheries assessments. In 1973 (Bagenal, 1974) and again in 1984 (Summerfelt and Hall, 1986) , the Ageing of Fish meetings in the UK and USA brought together both research and applications and stimulated new interest in otoliths, scales, bones, and other calcified tissues (CS) from academic and fisheries institutes.
By 1993, the first of the new generation otolith symposia was born, the First International Symposium on Fish Otoliths: Research and Applications (Secor et al., 1995) . The name was shortened to the International Otolith Symposium (IOS) in 2004. Thus, the 5th International Otolith Symposium (IOS 2014 ) is a continuation of the series designed to encourage the exchange of information and expertise and to promote the development of new techniques and applications for otolith-based analysis in ecology, management, and conservation. Support from ICES for IOS 2014 recognized that otolith analyses continue to underpin a major part of the work under the auspices of ICES, from stock assessment for advisory activity, to population connectivity, habitat use, and foodweb studies for science.
Conference details
IOS 2014 was held in Peguera, Calvia, Mallorca Island (Spain) from 20 to 24 October 2014, convened by Beatriz Morales-Nin (IMEDEA, CSIC/UIB, Spain) and Audrey Geffen (UiB and IMR, Norway). Despite the economic difficulties worldwide, a total of 329 registrants from 45 countries attended the Symposium (Figure 1 ). Thanks to sponsorship from ICES, the Fisheries Society of the British Isles and two sections of the American Fisheries Society, we were able to offer a reduced student rate, and a total of 87 students participated.
The topic of IOS 2014-The use of CS as tools to support management-was chosen by the scientific committee to highlight the evolution of new needs as well as new research. Age and growth data for the fisheries sector, the traditional outputs of otoliths and scale readings, have been supplemented by chemical and morphological analyses that feed into ecology, physiology, conservation, and coastal-zone management. Thus, the symposium focused on the research and applications for the development of ecological indicators based on CS, and the scientific programme was organized around four themes: Each theme session was introduced with a keynote address, and a total of 89 oral presentations, 52 short oral presentations, and 141 posters were submitted (see Supplementary material).
In addition to the symposium programme, full day workshops on Otolith Shape Analysis and on Age Validation were well attended, offering the opportunity for hands-on practice and discussion of current issues.
Workshop on otolith shape analysis (organized by Deidre Brophy (Ireland); Alf Harbitz (Norway), Lotte Worsøe Clausen (Denmark), Antoni Lombarte (Spain), and Audrey Geffen (Norway)): The workshop provided a forum for presentations on the application and future of otolith shape analysis. Until recently, there has been little attempt to compare or standardize protocols used, and this workshop is one of the first to provide examples of different image analysis protocols, and compare the techniques used for different species. Twenty oral presentations covered the theoretical basis for shape analysis, its application to stock discrimination, recent advances and more specialized applications, with emphasis on image acquisition and shape descriptors. Through a combination of demonstrations and hands-on computer exercises, participants learned how to perform otolith shape analysis (acquire images, extract outlines, obtain shape descriptors, and analyse data). Additionally, panel discussions provided the opportunity for comparative evaluation of various methodological approaches. It was clear to all the participants that there is a wide diversity in the approaches used for shape analysis, and that there are important methodological considerations needed to ensure the quality of the results. Every step, from image acquisition to interpretation of the statistical results, can introduce artefacts or bias. One of the most important outcomes of the workshop has been the sharing of experience and a commitment to improve the opportunities for calibration, standarization and validation of image analysis protocols using web-based resources.
Workshop on age validation (organized by Ole Thomas Albert (Norway), Richard McBride, Allen Hia Andrews (USA), and Iñaki Quincoces (Spain)): This workshop aimed to give the opportunity to share and evaluate new validation tools. Both measurement (analytical) and statistical tools were included, with 13 oral presentations as well as posters and short poster presentations. The presentations and panel discussions compared many types of validation techniques-from radiochemical analysis of longevity to fluorescent marking. Statistical methods for validation and quality control (QC) were presented. The use of proxies for age, such as otolith weight or shape, was discussed, recognizing that age readings will always remain a challenge in some species and some populations.
Using fish otoliths and other CS as indicators
CS such as fish otoliths and scales, cephalopod statoliths and cuttlebone, bivalve shells, and coral skeletons all exhibit indeterminate growth and thus act as a permanent record of processes occurring within the individual in response to physiological processes and environmental conditions. CS are often considered to be individual biological archives which need to be decoded to extract the relevant and useful information. Visible features mark growth history, and present various kinds of information depending on both the CS and the scale of observation. For instance, while seasonal patterns may be observed on every CS, daily increments are usually observable only in otoliths at high magnification.
Data provided by CS analysis result from an acquisition process in which methodology plays a pivotal role. Many methods of extraction, preparation, and observation have been developed over the course of the 20th century, the choice of which depends fundamentally on the CS to be studied, as well as on the level of information required (type and temporal resolution). While the growth increments in scales have been used for age determination purposes since the 19th century, the wide use of otoliths for age and growth determination has predominated for marine fish since the early 20th century. Chemical analysis of CS, especially otoliths, beginning in the 1960s, has widened the applications to include migration and connectivity, thanks to the development of ever more sophisticated and sensitive analytical tools (Begg et al., 2005; Miller et al., 2010) .
The whole otolith, in and of itself, is also a powerful indicatorone that we are just now beginning to appreciate. Otolith characteristics such as weight and dimensions may serve as proxies for age structured data, as demonstrated by Williams et al. (2015) . The diversity in otolith shape now signifies more than just diverse phylogeny. Differences in shape, which are the result of both genetic and environmental influences, have great potential as indicators of population structure and environmental change. Otolith morphometrics has become a widely accessible tool through the development of rapid and inexpensive image processing software. However, as these "whole-otolith" properties are explored, we are challenged with new assumptions that must be evaluated and often revised. For example, Díaz-Gil et al. (2015) suggest in their contribution that the value of using otolith asymmetry as an indicator of individual condition may be overestimated because of publishing biases that favour positive results. Likewise, Harbitz and Albert (2015) warn of blind reliance on software tools when looking for subtle otolith shape differences between populations.
R. Vasconcelos (Portugal), the keynote speaker on environmental indicators, spoke of the increasing demand for tools that scientists 2074 B. Morales-Nin and A. J. Geffen and policy-makers can use to monitor ecological state and change. She urged us to learn to "speak Calcified", so that we can translate and interpret the observed patterns of otolith growth and composition. If CS are to function as environmental indicators, we need to improve our understanding of the relationships between the biological, physical, and chemical components of CS, and how these represent variations in the environment. Spatial planning and coastal management require evidence of population connectivity, habitat use, and environmental effects-all of which can be enhanced using data extracted from otoliths. There is great potential for retrieving information from CS about past and present ecosystems, and the potential to develop powerful monitoring tools. The implementation will rely on careful validation of how ecosystem signals are processes at the level of the individual.
While otolith morphology is a well-established tool for studying fish evolution and past fauna, the majority of fish biologists and fisheries ecologists are generally unfamiliar with this body of work. Keynote speaker for community indicators D. Nolf (Belgium) helped to bridge that gap, and reviewed the history of paleontological studies of otolith shape and morphology. There are often useful insights that can be gained through historical perspectives, especially about rapidly developing techniques such as otolith shape analysis. Fossil otoliths are excellent proxies for elucidating ancient ichthyodiversity and are suitable for exploring ancient connectivity between populations. The otoliths can be analysed to reconstruct palaeogeography and palaeoclimate; moreover, in freshwater, they are important for reconstructing the characteristics of ancient watersheds. Interactions in modern fish communities and assemblages can be revealed through multispecies otolith studies. Nolf also emphasized the importance of systematically building collections and of careful storage to enhance the value of otolith archives for the future.
Keynote speaker S. Thorrold (USA) focused on the newest multiple-proxy techniques and most promising approaches for studying fish populations and their dispersal and habitat use. He spoke of new analytical techniques that allow the measurement and monitoring of population attributes that are increasingly important for marine management. The different aspects of connectivity, such as larval dispersal or homing and straying, are often studied by analysis of the inorganic component of the otolith. Exciting developments in the analysis of otolith protein-the organic otolith component-hold the potential for tracing carbon and nitrogen sources in the diet to "reconstruct the diagnostic characteristics of foodweb architecture from habitats that fish have used throughout their lifetime". Thorrold predicted that information from otolith analyses would play an important role in ecosystem management and in understanding the impacts of climate change.
P. Grønkjaer (Denmark) reminded us in his keynote talk that otoliths are first and foremost individual indicators. The otoliths tell us the characteristics of individual survivors, their history, and responses to the environment, and are a way of "exploring the interaction between genes, physiology and the environment". He reminded us that the indicator is a result of the individual fish state and is thus the result of an individual's physiology and genetic make-up. This inevitably results in individual variation in the otolith signals, a message that has been somewhat ignored in recent studies. The challenge is to incorporate that individual variability into the interpretation of CS indicators.
Emerging themes
The most significant advance in otolith and CS analysis in recent years has been the evolution of the complexity of the scale of application. Rather than a simple property of an individual, we now use otolith characteristics to interpret the status of populations, communities, and ecosystems. Success with otolith studies has encouraged advances in the analysis of other CS such as coral skeletons, bivalve shells, and squid statoliths. Non-CS that nevertheless form in regular layers, like fish eye lenses and shark vertebrae are also being evaluated, especially as environmental indicators. Conceptual and methodological advances have expanded the context and scope of the applications and questions that are being addressed, like climate change, physiology and life history strategy, biodiversity, population structure and habitat use.
Climate effects and ecosystem changes have emerged as areas that are particularly relevant to researchers using otolith analysis. The long-overdue recognition of the importance of otolith archives has finally opened the way for increased access to collections and immeasurable value-added to fisheries monitoring programmes. The field of biochronology has, until recently, primarily focused on invertebrates: bivalve shells, coral skeletons, etc., but more and more studies have made use of fish otoliths to link individual The view from the 5th International Otolith Symposium growth and population dynamics to variations in climate. The value of using otoliths is in the high temporal resolution provided, such that seasonal variations in individual growth patterns can be combined with time-stamped information about the environment to assess past and present ecosystems, and to predict the consequences of future change. Biochronological approaches are being used to reconstruct multidecadal growth patterns (Morrongiello et al., 2014) , and even applied at the daily level to study larval recruitment patterns (Chan et al., 2010; Shima et al., 2015) . Shape analysis, for species and stock identification, is attractive because it is now relatively rapid and inexpensive, and can be applied non-destructively for archived collections of otoliths. The increasing availability of software tools, and access to online resources for otolith shape analysis, is likely to encourage more studies of community changes, shifts in spatial distributions, and changes in foraging patterns in the context of changing ecosystems and climate.
Reconstructing the physiological history of individuals is a relatively new theme, based mostly on analysis of d
C and d
18 O in otolith carbonate and d
15 N in otolith protein, including single amino acids. These components can be used to measure migrations (Trueman et al., 2012) , and diet or trophic interactions (Grønkjaer et al., 2013) , and used to model metabolism and otolith growth, and potentially reproductive activity (Sturrock et al., 2014) . Understanding how individual physiology interacts with the environment to produce the signals observed in otoliths and other CS continues to be a challenge. New experiments with better resolution have led to a resurgence of interest in metabolic modelling. Dynamic Energy Budget modelling is an attractive approach, as demonstrated by Pecquerie et al. (2012) , coupling carbonate formation to growth and energy balance in sardine (Engraulis encrasicolus). The ability to measure individual metabolic history in parallel with the individual growth history holds great promise for revealing new insights into individual variation and life history strategies.
The increased use of otolith shape indicators has encouraged new questions about the mechanisms that influence shape at the individual level. Evidence suggests that shape is influenced by more than just temperature and growth rate. Environmental factors such as adaptations to depth and diet may also be important. Diet effects have been shown in previous experiments (Gagliano and McCormick, 2004; Hussy, 2008) , but it is still not clear if diets affect shape directly or indirectly via fish growth. New evidence indicates that diet composition also has an important role in determining otolith shape, and this effect is stronger than that of food quantity (T. Mille, Ifremer, pers. comm.). Therefore, annual variations in diet may play a role in stock discrimination based on otolith shape.
Likewise, new analysis suggests that fluctuating asymmetry in otolith dimensions may be over-valued as an indicator of individual fitness (Díaz-Gil et al., 2015) . Insight into the processes that control and disrupt otolith growth and shape formation can only come from evaluation of results across species and environments. The time is ripe for consolidating theories and increasing experimental results.
The application of otoliths to stock discrimination has evolved into wider studies of connectivity, habitat use, and trophic structure. "Reconstruction" is the keyword being used, and signals the emergence of more detailed understanding of how individuals work within populations and communities. This understanding has been enabled by using otolith characteristics which allow better temporal and spatial resolution for population structure, as well as migration, and individual variability in life history strategies. Wells et al. (2015) O) and element ratios (Ba:Ca, Mg:Ca, and Mn:Ca) combine to give a clear picture of spatial structure in adult populations and argue for region-specific assessment modelling. The addition of stable isotopes to the list of element ratios usually measured in otolith microchemistry analysis has already shown the potential to disentangle confounding effects to reveal patterns of habitat use and connectivity. Although recent work indicates that more measured variables often result in better stock classification success, just adding elements does not always add more discriminatory power. The right combination can enable tracking at oceanic scales, as demonstrated by Baumann et al. (2015) , who reconstructed migration histories of juvenile bluefin tuna moving across the Pacific from spawning grounds to nursery and feeding grounds.
True multi-proxy studies also combine CS information and other physiological or environmental measurements to uncover mechanisms important to recruitment. In their contribution, MinkeMartin et al. (2015) used otolith microchemistry and complementary information on increment width to explore individual variation in preferred thermal habitat of Atlantic salmon (Salmo salar) in West Greenland and the impact on growth. Their results demonstrate opportunistic habitat use that likely reflects individual feeding patterns, which inevitably impact growth and survival. Microchemistry can also be combined with morphology to analyse otoliths from stomach contents to add information about trophic interactions and location of foraging grounds as well as the usual species identification. Padilla et al. (2015) demonstrated the level of spatial resolution that it is now possible to achieve through Sr isotope measurements in otoliths, tracing population components within a mixed fishery.
87
Sr/ 86 Sr values from the freshwater region of the otoliths from spawning adults produced the baselines for a cross-validated, quadratic discriminant function analysis model. Most of the fish taken in the commercial fishery originated from a single source, with tiny contributions from other rivers. The use of 87 Sr/ 86 Sr isotopes, which have a high degree of spatial variation, was also able to identify possible straying of individuals among river populations.
Improved management is an emerging theme as CS analyses are incorporated as tools for novel applications. Otolith morphology analysis can contribute significantly to assessment work in small-scale fisheries, where expertise and equipment for age increment reading is lacking, as demonstrated by Williams et al. (2015) .
New methodological approaches have extended the resolution of otolith and CS analysis, and increased the range of applications. New femtosecond-laser ablation techniques enable exploration of the trace elements binding to otolith matrices, and the determination of the relationship between water and otolith composition. Improved radiocarbon dating protocols are being used to validate ages of more species to support management plans (e.g. Campana et al., 2015) .
Otolith morphology and morphometrics have emerged as a tool that can be used in different ways for species identification, evolutionary trends, reconstructing ambient and trophic interrelations in actual and previous ecosystems. The most notable development in recent years has been the increase in shape analysis due to advances in new informatics tools which can speed up the extraction of data from images of otoliths in existing collections, such as archives in fisheries institutes. The tendency is to use free software that helps popularize the methodology. The AFORO website (http:// www.cmima.csic.es/aforo/) has continued to develop its open catalogue of otolith images and provides the capability to search and identify species based on images uploaded by the user. The online tools for specific characterization of otolith morphology have been expanded, and now include associated shape analysis through pattern recognition techniques applying Fourier transform, curvature space scale, and wavelet analysis. However, otolith shape analysis is not easy nor free of assumptions, and increased use has helped to highlight the care required for standardizing the protocols, the problems associated with image extraction, and the pitfalls associated with the statistical analyses. Harbitz and Albert (2015) provide a critical evaluation of the use of otolith contour shape analysis. Artefacts from contour analysis that can confound stock discrimination were described, along with methods for identifying these artefacts using the zero score technique. With this tool, the importance of a possible artefact can also be evaluated. Most importantly, suggestions for avoiding the pitfalls are given. The authors also present a lasso contour to improve smoothing, and test it by comparing Greenland halibut (Reinhardtius hippoglossoides) otolith contours from southern Greenland and Northeast Arctic waters. One of the most exciting areas of development has been in the technical and mathematical tools that allow combining different types of measurements, such as element and isotope composition, shape, genetics, etc.
Isotope geochemistry is emerging as an increasingly important methodology for otolith and CS research. There is an exciting range of applications that are now feasible, especially when combined with other measurements. These applications include improved age validation (based on radioisotopes), high-resolution determination of population structure, and reconstructing diet and metabolic histories.
Finally, otolith increment analysis, both annual increments and otolith microstructure, is still a valuable tool, and adds increased resolution when used to complement the chemical and shape information in population studies. Age reading remains an integral part of managing fish populations, and QC continues to be a challenge for improving the accuracy and precision of age estimates. McBride (2015) suggests that the paired data generated from different readers and using different methods to estimate the age of individual fish can be a valuable resource for QC. Typical methods for examining such paired data have their weaknesses, but results from simulated data indicate that newer alternatives do no better. In this situation, there is more benefit to be gained by the complementarity of the standard comparison approaches. And the quality flags that are assigned during age readings may themselves prove valuable, as shown by their ability to detect stock mixing in the Baltic Sea (Stoetera and Krumme, 2015) .
The future
The value of analysis of otoliths and other CS is widely recognized. A significant amount of fisheries management depends on age reading. Population dynamics models rely on growth estimates. Coastal-zone management utilizes evidence of population connectivity. Active research continues to reveal potential contributions in many fields, so what can we expect in the future? Most of the presentations at the symposium, and indeed the contributions to this special issue, showcase achievements and advancements in the field. The key areas to watch are likely to be in applications involving stable isotopes in otolith protein, including single amino acids, to build metabolic and trophic chronologies of individuals and communities. The coupling of otolith microchemistry data and metabolic models will contribute to unravelling life history strategies and the extent of individual "personalities". New otolith analyses may be even more relevant to spatially explicit and ecosystem-level management tools. Trophic interactions and high-resolution habitat use are emerging as important applications, bolstered by advances in microchemistry, and isotope analysis of carbonate and protein components. Better insights into population and stock structure, and improved monitoring of mixed populations, will emerge from the increases in multiproxy studies, especially combining otolith chemistry and genetic markers. The statistical techniques to handle the different data types remain a challenge, especially when combining results obtained from techniques developed in different disciplines ("cultures"), such as genetics, biochronology, analytical chemistry, geostatistics, as well as ecology and fisheries.
The development of new analytical techniques like femtosecond laser ablation, computerized tools for shape analysis, new statistical tools utilizing Bayesian methods, and improved accessibility of otolith archives and biochronology methods, will all contribute to progress in otoliths studies, and ensure breakthroughs and accomplishments that will be showcased at the next symposium, IOS 2018, to be held in Taiwan.
